Underground coal gasification (UCG) is a technology that seeks to exploit coal reserves through gasification of in situ coal and extract a synthetic gas that can be used for electricity generation (Burton, Friedmann, and Upadhye, 2006) . This is achieved by injecting oxidants through boreholes into the coal seams to induce gasification. The resultant synthetic gas (methane, hydrogen, and carbon monoxide) is piped to the surface via production wells, as seen in Figure 1 . The UCG process offers some environmentally friendly outcomes such as no process tailings, reduced sulphur emissions, and low discharge of ash, mercury, and tar. The UCG cavity is, however, a source of gaseous and liquid pollutants (Liu et al., 2007) . Since the UCG process occurs in a natural environment, this raises concern about the impacts on the regional groundwater system.
The by-products of gasification can react with the surrounding strata or be dissolved in groundwater (Krzysztof and Krzysztof, 2014) .
However, this is unlikely to occur during gasification as the pressure in the cavity and the connected gas-filled voids must be kept below the hydrostatic pressure of the aquifer. This ensures that contaminants are always contained in the gasifier, as groundwater flows towards the cavity. A groundwater sink hence develops in the cavity as the gasifier consumes groundwater through evaporation, chemical reactions, and as part of the syngas in production wells.
Stratification is the vertical distribution of salinity, pH, and temperature of groundwater in a stepwise or layered manner (Ryuh et al., 2017) . Stratification within an underground cavity associated with coal mining is common in the Karoo coal-bearing formations (Johnstone, Dennis, and McGeorge, 2013) . UGC creates an underground cavity as a result of coal being gasified in situ. Groundwater is an important input in the gasification process as water in the gaseous phase takes part in various chemical reactions to produce hydrogen gas, which forms part of the synthetic gas product. Upon completion of the gasification process, groundwater levels are expected to rebound in the gasification zone and the groundwater flow to resume. The geochemical evolution of the UCG cavity will proceed as a result of interactions between groundwater and the various residue products in the cavity, including ash, unburned coal, heat-affected surrounding strata, and hydrocarbons. Assessment of stratification in the UCG cavity is important as it may point to chemical processes such as diffusion, which may influence the evolution of contaminants. Johnstone, Dennis, and McGeorge (2013) reported stratification in cavities in coal mines at Ermelo, Mpumalanga Province, which
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showed groundwater quality evolves from sulphate-type water to sodium-type water due to the action of sulphatereducing bacteria. The stratification led to the scrapping of the planned plant for treatment of decanting groundwater as the water quality at the top of the cavity was better than that at the bottom.
Groundwater contamination can be assessed using the source-pathway-receptor model in which the polluted groundwater travels through a flow path in order to impact a receptor or user of the resource. This study aims to assess the pathway section of the model using a borehole that intersects the gasification zone or cavity (source). This borehole is termed the verification borehole, and two other boreholes are used for comparison and as background boreholes. The water quality is assessed using electrical conductivity (EC). Temperature is assessed as an additional parameter but does not necessarily relate to the EC.
The initial groundwork on UCG at the Majuba coalfield began around 2005 and a pilot plant was successfully commissioned in January 2007, with product gas being cofired into the nearby Majuba power station by October 2010.
The Majuba pilot plant was successfully operated until September 2011, when decommissioning commenced with the shutdown of the gasifier (G1). Shutdown of G1 continued until May 2013 and involved complex activities included quenching using surface water and rebounding of the natural groundwater head. The successful performance and shutdown of the Majuba UCG pilot plant is a significant step towards full commercialization of UCG technology, as this was the first UCG plant in Africa. The shutdown of G1 presented an opportunity to investigate some of the key environmental questions regarding groundwater contamination.
The Majuba UCG pilot plant is located in South Africa's Mpumalanga Province, about 35 km north-west of the town of Volkrust. The site covers an area of around 60 ha on the eastern bank of the Witbankspruit (Figure 2 ). The topography is characterized by regular hills, attributed to erosion of the underlying dolerite sill.
The Majuba UCG site falls within the Vryheid Formation of the Lower Ecca Group, which is part of the Karoo Supergroup. The Karoo sequence is generally characterized by interbedded layers of sandstone, shale, and mudstone, with intrusive dolerite sills and dykes. At Majuba there are two dolerite sills. The shallower dolerite extends from roughly 70 m deep to around 170 m. The deep dolerite is located at around 50 m below the Gus coal seam, but in at other localities it transects the seam. A simplified geological profile of the Majuba UCG site is given in Table I .
Three distinct overlying groundwater systems are present at the Majuba UCG site, as seen in Figure 3 . The upper weathered (shallow) aquifer is usually low-yielding (range 1-10 m 3 /d) owing to its trivial thickness, but the water quality is good due to years of groundwater flow through the weathered strata. It is estimated that the shallow aquifer can Three boreholes with depths of around 290 m were selected for this study. Two of the boreholes were groundwater monitoring boreholes for monitoring the coal seam aquifer within the production zone. The other was the verification borehole, which was drilled into the UCG cavity after the gasification process was concluded. The monitoring boreholes were used as background as they are outside the gasification zone and hence the geochemistry is not expected to be Temperature and electrical conductivity stratification in the underground coal gasification zone 1055 VOLUME 118 influenced by the gasification process or its products. The verification borehole intersects the UCG cavity and hence provides useful information on the geochemical evolution of the gasification zone. Down-the-hole profiles of temperature and electrical conductivity (EC) were taken in order to investigate water stratification in the coal seam aquifer and UCG cavity. Stratification in old coal mine voids in the region has been reported by Johnstone, Dennis, and McGeorge (2013) . This has resulted in dilution of polluted water, thereby eliminating the need for water treatment. A Solinst TLC (temperature, level, and conductivity) meter similar to the one depicted in Figure 4 was used to profile the EC down the borehole. Water level measurements can be read off the marked flat reeled tape made of polyvinylidene fluoride (PVDF) material. EC and temperature measurements are displayed on a convenient LCD display. The probe was lowered to the bottom of the borehole and depending on the measurement interval selected, measurements of temperature and EC were recorded simultaneously at each depth.
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The electrical conductivity and temperature profiles for the groundwater monitoring borehole G2WMD2 are shown in Figure 5 . G2WMD2 is a monitoring borehole within the production zone that is used to monitor the coal seam aquifer (deep aquifer). The borehole is solid-cased from surface to 279 m, the depth of the coal seam. The EC of the water increases with depth, with a maximum of 780 mS/m measured at a depth of 294 m below ground level (mbgl). The temperature also increases with depth until 244 mblg, where it levels off at 21.5°C. The EC profile shows erratic behaviour around 283 mbgl, which is approximately where the casing ends and is possibly a groundwater flow zone. This may be the best location to take groundwater samples as it might be where fresh water from the aquifer is flowing, as the borehole is cased above this point. Deeper than this a general trend of increasing EC is seen in the profile.
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A similar trend of increasing EC and temperature to that observed in G2WMD1 was seen in G2WMD2. There is a drop in EC at depths greater than 283 mblg. This is also where the casing ends and possibly represents an area where fresh aquifer water is flowing. The drop in EC suggests that fresh aquifer water is of a better quality than the stagnant water in the well. Purging of the borehole might lead to a better EC profile in terms of water quality. In contrast to G2WMD1, the temperature increases with depth without levelling off.
The EC and temperature profiles for the verification borehole G1VTH1 are shown in Figure 7 .
G1VTH1 is the verification borehole drilled after gasification, and the EC and temperature profile are for the area in the borehole where water was encountered. The EC profile shows erratic behaviour, while the temperature increases with depth but levels off at a depth of 220 mbgl. The maximum temperature of 70°C was measured at a depth of around 250 m. The maximum temperature in G2WMD2 was 21.5°C, while in G2WMD1 it was 22.8°C. The erratic behaviour of the EC in G1VTH1 may be due to groundwater flow zones or fractures intersecting the well. This needs further investigation, but in general the EC is much lower in the verification borehole than in the monitoring boreholes. This could be due to dilution by surface water that was introduced into the cavity during quenching of the gasifier.
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The EC and temperature are stratified in all the boreholes (both monitoring and verification). The stratification in EC shows that the quality of water higher up in the well is better than that towards the bottom. The EC was erratic in the verification borehole but again the general trend indicated better quality water in the upper part of the well than in the gasification zone. This suggests that in the event of fractures forming due to roof collapses or any other event that could create a flow path between the cavity water and the shallower strata, the water quality will not be uniform throughout the hydraulic connection. Better quality water will tend to be located at the shallow levels, with poor quality water concentrated at the bottom. This may be due to chemical processes such as diffusion and needs further investigation. Johnstone, Dennis, and McGeorge (2013) found a similar trend in groundwater in an underground cavity induced by coal mining. There is a general increase in temperature in the verification borehole. This is expected at UCG sites, since it is a result of heat remaining in the UCG cavity even two years after the gasifier was shut down. The EC profile shows better quality water in the verification borehole than in the monitoring boreholes. This could be due to dilution by surface water introduced during quenching. The EC profile results were not related to groundwater transmission zones in the monitoring boreholes G2WMD1 and G2WMD2. This is due to the boreholes being cased for their entire length until the coal seam depth. 
